ABSTRACT
Introduction
Heat-run testing of distribution system components is an essential task for both development processes and for type testing. In the case of low-voltage switchgears the procedure for type tests is covered by IEC 60439 and therefore fixed in procedure. However, during the development tests, significant amounts of time and costs can be saved with an intelligent combination of computer simulations and heat-run tests for verification purposes. In this case study a prototype of a low-voltage switchgear unit has been modelled and simulated taking into account the non-uniform current distribution in the high-current copper-bars as well as the conduction, convection and heat radiation of the switchgear assembly. Air is actively blown into the system using six fan units at the bottom (see Figure 1 and Figure 2 ). The air outflow is only possible through slots in the perforated top region of the device.
Experiment
The test specimen consisted of three functional units with main busbars (cross section 100x10mm bare Cu, six per phase) without feeder brunches. Instead, the test was carried out with the aid of heating resistors of an equivalent power loss.
The verification of temperature-rise limits was performed according to clause 8.2.1 of IEC and EN 60429-1.
The test was carried out with the nominal current load of the main busbars (6700A, 50Hz) and with the aid of heating resistors of an equivalent power loss of the branch circuits.
The assembly was arranged as in normal use.
The temporary connections of the test sample to the testing transformer were realized with conductors of ≥ 3m length, cross section 100mm x 10mm bare Cu, four per phase, with each 10mm distance from surface to surface of the partial conductors. On the other side of the test sample's busbars, a short circuit connection with 100mm x 10mm bare Cu, four Prague, 8-11 June 2009
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per phase, was mounted directly surface on surface.
The temperature measurement was performed by thermocouples. For getting a general overview, additionally pictures were made using a thermo camera. 
SIMULATION
The simulation strategy can be broken down into a coupled set of individual problems.
Eddy Current Problem
The eddy current problem was solved using a twodimensional integral approach which delivers the current density distribution in the conductor cross-sections. A verified in-house tool was used for this purpose. It operates on a 2d-rectangular grid and respects the coupled boundary condition for the total current in each phase. The resulting electric current density distribution (see Figure 3 ) yields to the distribution of the heat source density (see Table 1 ). These were averaged for each copper-bar and introduced into the computational fluid dynamics (CFD) simulation. 
Fluid Dynamics
The fluid dynamic simulation is partially governed by the natural convection of the heated elements, i.e. the copper conductors. Due to the usually turbulent nature of buoyant air flows, turbulence effects are numerically modelled, to obtain a more realistic heat exchange in the boundary of the conductors. This was done using the well known k-omega SST equations. The six door-mounted fans were treated by a mass-flux boundary condition. The exterior walls were cooled by the constant outer air temperature, using a constant wall heat transfer coefficient. To emulate the heating by internal electric loads, three heating elements are situated in each of the three functional units. These introduce additional fans into the system, that were considered by a pressure difference that simulates the suction (see Figure 5) Due to the limitations of the geometric resolution, the tiny cooling slots located at the top of the enclosure are simulated as a two-dimensional pressure loss. Instead of applying the usual literature values from e.g. [1] , the appropriate pressure loss coefficient was derived from a fully-resolved simulation of the slots (see Figure 4 ). 
Radation Heat Transfer
The thermal radiative heat flux between the individual neighbouring copper bars and the surrounding is regarded using manually calculated view factors according to Table  5 .9 of [2] . Therefore, averaged face temperatures were used on each side of the copper bars, together with a fixed environmental temperature. The cooling via the short circuitry was not negligible in the simulation. This method was applied due to performance reasons, and because of the rather simple geometry participating in the radiation. Improvements could be gained by applying e.g. the clustered S2S model, especially since the temperature distribution on the conductors is not as homogeneous as initially expected.
RESULTS
The device was experimentally driven until a steady state was reached. A limited amount of temperature sensors were implanted. Two major cases were recorded, one with all six exterior fans blowing, and the other with the fans on one side turned off. Data of the first case is given in Figure 5 and Figure 6 . Due to the inhomogeneous temperature distribution, the minimal, average and maximum temperatures were recorded from the simulation for each case and compared to the simulation results.
The cases a) and b) of Figure 7 correspond to all six fans cooling the specimen. In a), the radiation emissivity of copper was taken from literature, while in b) radiation effects are neglected.
In c) and d) only the fans of one side are used, resulting in an asymmetrical velocity distribution. Again, radiation effects are varied. In case e), the radiation emissivity was kept at 0.2, while the fan inlet velocity was increased from the original 2.2 to 3 m/s.
CONCLUSION AND INTERPRETATION
Close inspection of the results reveals that good qualitative matching can be easily reached for thermal simulations of low-voltage switchgears. It hence can be very helpful in the design process of low-voltage switchgears to have an educated guess about the flow-field, and the temperature range that can be expected. However, for accurate and point-exact temperature predictions, an extremely good knowledge of the boundary conditions is required. The exact pressure-velocity profile of the fans needs to be known, as well as the pressure jump coefficient for the cooling slots that however depend on the flow velocities. Necessary abstractions of the calculation domain are further limiting the reachable accuracy.
To include such simulations in a practical design workflow, it is necessary to note that geometry simplification and abstraction for the simulations are the limiting factors. Alternatively, instead of doing simulations ab initio it is also possible to adjust the simulation parameters to experimental data. From such a model, higher current loads and boundary condition changes can be predicted with a higher degree of accuracy. Especially in the case of experimental testing facilities with limited power this can provide important data.
